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While electrospray ionization mass spectrometry has shown great potential for the identifica-
tion of genotypes in DNA sequences amplified by polymerase chain reaction (PCR), the
quantitative determination of allele frequencies remains challenging because of the presence of
cationic adducts in the mass spectra which severely impairs accuracy of quantitation. We
report here on the elaboration of an optimized desalting protocol for ion-pair reversed-phase
high-performance liquid chromatography-electrospray ionization mass spectrometry (ICEMS)
of PCR amplicons which facilitates the genotyping of single nucleotide polymorphisms
(SNPs). Chromatographic purification at temperatures between 50 and 70 °C using monolithic
reversed-phase columns and acetonitrile gradients in aqueous, 20–30 mmol/l butyldimethyl-
ammonium bicarbonate enabled the mass spectrometric analysis of nucleic acid solutions
containing up to 1.7 mol/l sodium chloride. A further improvement in removal of metal
cations was achieved upon the addition of 5–10 mmol/l ethylenediaminetetraacetic acid
(EDTA) to the sample solution prior to liquid chromatography. ICEMS was used for the
semi-quantitative genotyping of SNPs amplified from the tetraploid genome of potato
cultivars. Using a quadrupole ion trap mass spectrometer, allele frequencies were determined
with an accuracy of 2–9% by measuring the relative intensities of the signals corresponding to
the molecular mass of each of the alleles in the deconvoluted mass spectra. ICEMS results
correlated well with those obtained by pyrosequencing, single nucleotide primer extension,
and conventional dideoxy sequencing. (J Am Soc Mass Spectrom 2004, 15, 1897–1906) © 2004
American Society for Mass SpectrometrySingle nucleotide polymorphisms (SNPs) are im-portant genetic markers for identity testing, geno-type-phenotype association studies, and recon-
struction of evolution [1]. A large number of methods
have been devised for determining the allelic state of
SNPs and have been reviewed comprehensively [2, 3].
The exact determination of allele frequency in polyploid
organisms and, eventually, in populations is essential in
association studies and, in due consequence, there is
growing interest in methodology suitable for quantita-
tive determination of allele abundances [4–6]. Enzy-
matic amplification of DNA sequences by the polymer-
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doi:10.1016/j.jasms.2004.09.004ase chain reaction (PCR) is usually the first step in the
genotyping of SNPs [7]. During the past decade, mass
measurements by matrix-assisted laser desorption/ion-
ization mass spectrometry (MALDI-MS) and electros-
pray ionization mass spectrometry (ESI-MS) have be-
come a valuable extension to the pool of methodologies
suitable for allele determination after amplification by
PCR [8–13]. While MALDI-MS is predominantly uti-
lized for the high-throughput analysis of short products
of primer extension minisequencing reactions [11],
ESI-MS is applicable to the direct mass analysis of
single- and double-stranded PCR amplicons ranging in
size up to more than 500 base pairs [14, 15].
Sample purity represents one of the most critical
factors for the success of mass spectrometric analyses of
nucleic acids. PCR mixtures may contain varying
amounts of amplification enzyme, deoxynucleotide
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buffer components including metal ions like sodium,
potassium, and magnesium. Especially detergents, de-
oxynucleotide triphosphates, and primers deteriorate
ionization efficiency due to competitive ionization [16,
17]. Metal ions, on the other hand, interact with the
nucleic acids via substitution of variable numbers of
protons in the phosphodiester groups, resulting in
dispersion of pseudomolecular ions among several dif-
ferent species and decreased sensitivity [18]. Accurate
mass measurements are severely hampered by such
cation adduction, because the numerous signals for the
higher charge states of adducted species merge into one
unresolved, broadened peak shifted to higher masses
relative to the fully protonated species.
Commonly applied off-line and on-line sample pu-
rification protocols for nucleic acids prior to mass
spectrometric analysis include multiple ethanol precip-
itation [19], membrane filtration [20], solid-phase ex-
traction [21], microdialysis [14], affinity purification [22,
23], cation-exchange [24], ligand-exchange [13], mag-
netic particles [25], size exclusion chromatography [26],
and high-performance liquid chromatography (HPLC)
[27, 28]. Ion-pair reversed-phase high-performance liq-
uid chromatography hyphenated to electrospray ion-
ization mass spectrometry (ICEMS) has been demon-
strated to be a rapid and highly effective analytical tool
for the characterization of PCR amplified sequences [15,
29–31]. ICEMS enabled the detection of SNPs both in
homozygous and heterozygous individuals by intact
molecular mass measurements using low femtomol
amounts of DNA fragments up to lengths of more than
100 base pairs within a few min [32].
As outlined above, the efficient removal of adducted
metal cations is essential both for correct allele identifi-
cation by intact molecular mass determination and
allele quantification based on mass spectrometric signal
intensities. In this report, we therefore elaborated a
protocol for improved purification of PCR amplicons by
liquid chromatography. The applicability of the method
is demonstrated by the semi-quantitative genotyping of
SNPs in the polyploid genome of potato plants.
Experimental
Chemicals and Samples
Acetonitrile (HPLC gradient-grade) and water (HPLC
grade) were obtained fromMerck (Darmstadt, Germany).
Ethylenediaminetetraacetic acid (EDTA, 99%), triethyl-
amine (analytical reagent grade), and butyldimethylamine
(analytical reagent grade) were purchased from Fluka
(Buchs, Switzerland). Stock solutions (0.50 M) of triethyl-
ammonium bicarbonate or butyldimethylammonium bi-
carbonate were prepared by passing carbon dioxide gas
(AGA, Vienna, Austria) through a 0.50 mol/l aqueous
solution of the amines at 5 °C until pH 8.4–8.9 was
reached. The synthetic oligodeoxynucleotide (dT)16 (Mr4805.2) was ordered from Microsynth (Balgach, Switzer-
land) and used without further purification.
PCR amplification of a 61-bp fragment from the
Y-chromosomal locus M9 (allele G) was performed as
described in reference [31]. The total reaction volume
was 20 l including 1 PCR buffer (Qiagen, Hilden
Germany), 0.2 mmol/l each dNTP, 1 mol/l forward
primer (AACGGCCTAA GATGGTTGAA T), 1 mol/l
reverse primer (GAACGTTTGA ACATGTCTAA AT-
TAAAGA), 1 Q-Solution (Qiagen), 1 unit HotStar Taq
Polymerase (Qiagen) and 10 ng DNA. PCR was per-
formed on a Gene Amp PCR System 9700 (Applied
Biosystems) comprising 45 cycles of 95 °C for 15 s, 54 °C
for 30 s, and 72 °C for 1 min following initial denatur-
ation at 95 °C for 15 min and final extension at 72 °C for
10 min.
PCR amplifications of a 68-bp segment containing the
potato SNPs 44/114  118 (CTCCTGTGAC CTAAAC-
CCCT GAAATTCT(T/C)C AA(A/C)TGGATTC CTTA-
AGCTAC CATTTTGATA TTTCCCTG) and of a 71-bp
segment containing the SNP 44/174 (GCTACCATTT TG-
ATATTTCCCTGAAAGAGCACTTGGATGCAAC(A/G)-
CTCCCT TGGAAACAAG GTACTCAGCC G) were per-
formed in 50 l volumes containing 45 ng of genomic
DNA extracted as described in [4], 25 l of PCR Master
Mix (Qiagen), and 0.4 mol/l of each primer (44/114 
118f CTCCTGTGAC CTAAACCCCT G 44/114-118r
CAGGGAAATA TCAAAATGGTAGC; 44/174f GCTAC-
CATTT TGATATTTCC CTG; 44/174r CGGCTGAGTA
CCTTGTTTCC AA; all primers were obtained from Mi-
crosynth; the indexes r and f are used to distinguish
between the reverse and forward primers, respectively).
Amplifications were carried out in a thermocycler (Mas-
tercycler Personal, Eppendorf, Hamburg, Germany) com-
prising 35 cycles of 94 °C denaturation for 60 s, 54–56 °C
annealing for 60 s, and 72 °C extension for 60 s. Prior to
amplification the enzyme was activated by a 95 °C incu-
bation for 15 min. Following a final extension step at 72 °C
for 10 min, samples were chilled to 4 °C.
Capillary High-Performance Liquid
Chromatography Coupled to Electrospray
Ionization Mass Spectrometry
A low-pressure gradient micropump (Model Knauer
1100, Knauer, Berlin, Germany) was used to generate a
primary flow of 100–150 l which was then reduced to
a constant secondary flow of 2.0 l/min by means of a
tee-piece (Valco Instruments, Houston, TX) and a 375
m o.d. fused silica capillary with an internal diameter
of 50 m and a total length of 1 m. Chromatographic
separation was performed in a monolithic, poly-(sty-
rene/divinylbenzene) capillary column (60  0.2 mm
i.d.) prepared according to a published protocol [33].
The column temperature was thermostated with a heat-
jacket made from 3.3 mm o.d. copper tubing, which was
heated by a circulating water bath (Model K20 KP,
Lauda, Lauda-Königshofen, Germany). 500-nl volumes
1899J Am Soc Mass Spectrom 2004, 15, 1897–1906 LC-MS FOR SEMI-QUANTITATIVE SNP GENOTYPINGof sample were injected onto the column through a
nano-injection valve (Model C4-1004, Valco Instru-
ments).
Nucleic acids were detected and mass analyzed by
ESI-MS using a quadrupole ion trap mass spectrometer
(LCQ, Thermo Electron Corporation, San Jose, CA). The
capillary column was connected directly to the spray
capillary (fused silica, 90 m o.d., 20 m i.d., Polymicro
Technologies, Phoenix, AZ) by means of a microtight
union (Upchurch Scientific, Oak Harbor, WA). In order
to enhance detection sensitivity, acetonitrile was added
post-column to the column effluent at a flow rate of 2.0
l/min using a syringe pump and a tee-piece [34].
Electrospray voltage was set at 3.1 kV (Figures 1, 2, and
3) or 5.0 kV (Figures 4, 5, and 6). A nitrogen sheath gas
flow of 40 (Figures 1, 2, and 3) or 100 arbitrary units
(Figures 4, 5, and 6) was employed. The temperature of
the heated capillary was set to 250 °C. Total ion chro-
matograms and mass spectra were recorded on a per-
sonal computer with the Xcalibur software version 1.2
(Thermo Electron Corporation). Deconvolution of raw
mass spectra was performed with the BioWorks Soft-
ware package from Thermo Electron. Mass calibration
and tuning were performed according to a published
optimization procedure [35].
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Figure 1. Desalting efficiency of ICEMS at different column
temperatures. Column, PS-DVB monolith, 60  0.20 mm i.d.;
mobile phase, (A) 25 mmol/l triethylammonium bicarbonate, pH
8.40, (B) 25 mmol/l triethylammonium bicarbonate, pH 8.40, 20%
acetonitrile; linear gradient, 10–60% B in 10.0 min; flow-rate, 2.0
l/min; temperature, (a) 22 °C, (b) 70 °C; sheath liquid, 2.0
l/min acetonitrile; scan, 1000–3000; sample, 104 fmol of (dT)16.Results and Discussion
Effect of Column Temperature on Desalting
Efficiency of ICEMS
The influence of column temperature on the removal of
adducted metal cations was investigated through the
triplicate analysis of a synthetic 16-mer oligonucleotide,
dissolved in HPLC grade water, at column tempera-
tures between 22 and 70 °C. Figure 1 illustrates the total
ion current chromatograms and raw mass spectra ob-
tained at temperatures of 22 and 70 °C. At least five
mass spectra of the oligonucleotide were extracted from
the reconstructed ion current chromatograms (RICC)
and averaged. Apart from a decrease in chromato-
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Figure 2. Effect of column temperature on the relative signal
intensity of [M  4H  Na]3 of (dT)16. Temperature, 22–70 °C.
Other experimental conditions as in Figure 1. Data points repre-
sent the averages of three measurements, the standard deviations
varied between 0.3 and 4.7% (absolute values).
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Figure 3. Effect of sodium chloride content on the relative signal
intensities of [M  4H  Na]3, [M  5H  2Na]3, and [M  6H
 3Na]3 of (dT)16. Temperature, 70 °C; samples, 104 fmol of
(dT)16 dissolved in 0 to 1.71 mol/l sodium chloride solutions.
Other experimental conditions are as in Figure 1. Data points
represent the averages of three measurements, the standard devi-
ations varied between 0.0 and 6.3% (absolute values).
1900 OBERACHER ET AL. J Am Soc Mass Spectrom 2004, 15, 1897–1906graphic retention at elevated temperature, there was no
significant difference between the chromatograms. Both
mass spectra showed predominant signals for the 3
charge state of the oligonucleotide. Although the oligo-
nucleotide was dissolved in pure water, adduct signals
were observed in all mass spectra because of the ubiq-
uitous presence of small amounts of metal cations. The
signal intensity of the [(dT)16  4H  Na]
3 species
relative to [(dT)16  3H]
3 was used to characterize the
desalting performance of ICEMS at the various column
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Figure 4. Influence of the EDTA concentration on the desalting
efficiency of ICEMS. (a) Deconvoluted mass spectrum without
EDTA, (b) deconvoluted mass spectrum after addition of EDTA
(25 mmol/l) to the crude PCR mixture, (c) peak width at 10 %
height of the reverse single strand of the M9 amplicon in the
deconvoluted mass spectrum as a function of EDTA concentra-
tion; mmol/l mobile phase, (a) 25 mmol/l butyldimethylammo-
nium bicarbonate, pH 8.40, (B) 25 mmol/l butyldimethylammo-
nium bicarbonate, pH 8.40, 40% acetonitrile; linear gradient,
5–70% B in 10.0 min; flow-rate, 2.0 l/min; temperature, 70 °C;
scan, 500–2000; samples, 500 nl of crude PCR mixtures containing
100 fmol of amplicon and 0 to 25 mol EDTA. Other experimental
conditions are as in Figure 1. Data points in (c) represent the
averages of three measurements, the standard deviations varied
between 2.6 and 5.7 Da.temperatures (Figure 2). The relative signal intensity of[(dT)16 4HNa]
3 decreased from 28% at 22 °C to 8%
at 50 °C and remained practically constant at 6-10%
above 50 °C. The quality of the deconvoluted mass
spectra both with respect to mass accuracy and signal-
to-noise ratio was clearly improved because of the
reduction in cationic adducts.
We believe that the observed threefold reduction
of adduct formation at column temperatures higher
than 50 °C has to be attributed to a more efficient
exchange of adducted Na, K, and Mg2 ions with
triethylammonium from the eluent during the chro-
matographic process. Upon transfer to the gas phase,
dissociation of the adducted amine from the sugar-
phosphate backbone of the nucleic acids occurs, leav-
ing a proton with the oligonucleotide, which results
in signal enhancement, charge state reduction, and
cation adduct suppression [36]. Moreover, improved
desalting can also be a consequence of higher tem-
perature of the electrosprayed column effluent. This
hypothesis is supported by experiments of Liu et al.
[37] and Walters et al. [38], who reported an increased
desalting performance by heating nucleic acids solu-
tions prior to ESI-MS.
Elevated column temperature carries the additional
advantage of facilitating detection of sequence varia-
tion. Base substitutions are difficult to identify in dou-
ble-stranded PCR products by mass measurements,
because A-T and G-C base pairs have almost identical
masses. Nevertheless, they can be readily distinguished
by measuring the molecular masses of the correspond-
ing single strands, in which base substitutions lead to
mass differences between 9 and 40 Da. In order to
achieve maximum desalting efficiency and complete
denaturation of the DNA double strands, we thus
recommend the chromatographic purification of PCR
amplicons at column temperatures of 60–70 °C.
Characterization of Salt Tolerance of ICEMS
Although a vast number of protocols were introduced
in the last years for the purification of nucleic acids
prior to ESI-MS, only few reports focused on the
efficiency of these methods. In a report by Liu et al.
[37], the salt tolerances of multiple buffer exchange,
organic base addition, and microdialysis were stud-
ied by adding high concentrations of sodium chloride
to the analyzed nucleic acid solutions. This group
reported that microdialysis offered the highest desalt-
ing performance among the three techniques, which
enabled the mass spectrometric detection of nucleic
acids from solutions containing 0.5 mol/l sodium
chloride.
To investigate the desalting performance of ICEMS,
(dT)16 solutions containing 0–1.7 mol/l sodium chlo-
ride were analyzed in triplicate at a column tempera-
ture of 70 °C. As above, the signal intensities of [(dT)16-
4H  Na]3, [(dT)16  5H  2Na]
3, and [(dT)16  6H
 3Na]3 relative to the abundance of [(dT)16  3H]
3served as indicators for the desalting capability of
1901J Am Soc Mass Spectrom 2004, 15, 1897–1906 LC-MS FOR SEMI-QUANTITATIVE SNP GENOTYPINGICEMS. Figure 3 shows that the relative signal intensi-
ties of mono-, di-, and tri-sodium adducts increased
linearly between 0 and 0.7 mol/l sodium chloride and
reached a plateau at higher concentrations with satura-
tion values of 54, 26, and 15%, respectively. It is
important here to note that the sodium-free species
remained the most abundant at all sodium chloride
concentrations, which enabled the correct determina-
tion of the molecular mass of the oligonucleotide.
Moreover, the results indicate that even higher concen-
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Improvement of Desalting Efficiency via Addition
of Chelating Compounds
The experiments described above have shown that
ICEMS is very efficient in the removal of monovalent
metal cations. Nevertheless, relatively high concentra-
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1902 OBERACHER ET AL. J Am Soc Mass Spectrom 2004, 15, 1897–1906a cofactor for DNA polymerase and other polyvalent
ions may be introduced through contamination of re-
agents or genomic DNA. Polyvalent ions are quite
difficult to remove from the DNA backbone because of
their strong electrostatic interaction and a chelating
effect in the binding to adjacent phosphodiester groups.
As a consequence, magnesium adducts are observed
especially in the mass spectra of products of PCR. The
suppression of such adducts is of utmost importance for
correct allele identification and determination of allelic
ratios, because signals of adducted species may be
misinterpreted as being related to alternative alleles.
We utilized a 61-bp amplicon of the human Y-
chromosomal locus M9 to characterize the influence of
bivalent ions on mass measurements by ICEMS. Figure
4a depicts the deconvoluted mass spectrum obtained
from the analysis of 500 nl of a crude PCR mixture
containing approximately 100 fmol amplicon. Upon
comparison of the measured molecular mass with the
theoretical mass, the most abundant signal was identi-
fied as the monoadenylated reverse strand of the am-
plified DNA sequence (Mr 19133). A signal for a second
species was observed in the deconvoluted mass spec-
trum with a mass difference of 23 relative to the signal
of highest intensity, which would be compatible with a
sodium adduct (22 mass units), a magnesium adduct
(22 mass units), the exchange of a cytosine by an
adenine (24 mass units), or, eventually, the exchange
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Figure 6. Comparison of the genotyping results obtained for four
different allelic combinations of the potato SNP 44-174 by mea-
suring the relative peak intensities of the forward strands of the
two possible alleles in the deconvoluted mass spectra. Samples,
500 nl of crude PCR mixtures containing 100 fmol of amplicon and
10 mol EDTA. Other experimental conditions are as in Figure 1.of a thymine by a guanine (25 mass units). Since thePCR product was amplified from the hemizygous Y-
chromosome, the latter two options can be excluded
here. However, for autosomal loci or in the case of
polyploid genomes, the mass spectrum could be readily
misinterpreted as revealing alternative alleles. The pres-
ence of a sodium adduct is unlikely based on the
experiments described above, and hence, adduction
with magnesium ions is a reasonable interpretation of
the second signal.
Adduction with magnesium makes accurate quanti-
tative genotyping impossible and necessitates an im-
provement in the sample clean-up strategy. Based on
previous work performed by Limbach et al. [39], who
reported on the use of chelating agents in the spray
solvent for the abstraction of bivalent cations from
ribonucleic acids, we considered ethylenediaminetet-
raacetic acid (EDTA) as an additive to enhance the
suppression of magnesium adducts. Since the presence
of EDTA in the electrosprayed solvent deteriorated
signal quality through competitive ionization, EDTA
was added to the sample solution prior to analysis by
ICEMS and not to the chromatographic eluent. EDTA
complexed magnesium ions and other polyvalent ions.
The complexes eluted in the void volume and hence,
did not disturb the mass spectrometric analysis of PCR
products. Figure 4b illustrates the deconvoluted mass
spectrum of the reverse strand obtained upon analysis
of 500 nl of a PCR mixture after addition of 12.5 mmol/l
EDTA. A clean mass signal was observed and adduct
signals were completely suppressed, which not only
yielded a measured molecular mass very close to the
expected value but also significantly increased the sig-
nal-to-noise ratio in the mass spectrum.
The optimal EDTA concentration necessary for the
complete desalting of the PCR product was evaluated
by means of addition of different amounts of the
chelators to the PCR mixture. The peak widths at 10%
height in the deconvoluted mass spectrum were taken
as an indicator for the desalting efficiency. As shown in
Figure 4c, a concentration of at least 5 mmol/l EDTA,
which was 2 times higher than the employed MgCl2
concentration, was necessary to ensure optimal desalt-
ing performance and to eliminate magnesium adduc-
tion. As far as we know, the combination of EDTA
addition and ICEMS represents the only cleaning pro-
cedure that can remove all kinds of metal ions that bond
to PCR amplified nucleic acids with such high effi-
ciency. Even the combined use of ethanol precipitation
and microdialysis could not achieve the same level of
desalting efficiency (compare Figure 1 in reference [17]).
Optimization of Ion-Pair Reagent Concentration
The proper choice of a chromatographic eluent suitable
for ICEMS is very important in order to maintain
chromatographic separation efficiency while still guar-
anteeing low limits of mass spectrometric detection.
Eluents of low electric conductivity and high content of
volatile organic solvent are most suitable for nucleic
1903J Am Soc Mass Spectrom 2004, 15, 1897–1906 LC-MS FOR SEMI-QUANTITATIVE SNP GENOTYPINGacid analysis by ESI-MS [27, 28, 34, 40, 41]. In ion-pair
reversed-phase HPLC of nucleic acids, an ion-pair re-
agent such as triethylammonium acetate or butyldi-
methylammonium acetate is added to the mobile phase
to ensure chromatographic retention of nucleic acids on
a nonpolar stationary phase [42]. Since amines have also
been shown to be quite effective in the suppression of
cationic adducts [43], it was evident to investigate the
effect of ion-pair reagent concentration with respect to
the efficiency of adduct elimination, chromatographic
performance, and mass spectrometric detectability.
PCR mixtures containing 100 fmol of the 61 bp PCR
amplicon in 500 nl were analyzed using a gradient of
2–28% acetonitrile in 1 to 50 mmol/l butyldimethylam-
monium bicarbonate. To ensure highest desalting effi-
ciency, 10 mol EDTA were added per 20 l sample
solution and runs were performed at 70 °C. The influ-
ence of the concentration of ion-pair reagent on chro-
matographic retention of the reverse single strand on
the monolithic column can be deduced from Figure 5a.
The portion of acetonitrile in the eluent necessary to
elute the PCR product increased steeply form 11.0 to
17.3% in the concentration range of 1–25 mmol/l bu-
tyldimethylammonium bicarbonate, whereas higher
concentrations of ion-pair reagent concentration ensued
only a slight increase in retention.
Figure 5b summarizes the effect of ion-pair reagent
concentration on mass spectrometric detectability. For
this analysis, the signal-to-noise ratio was measured in
the RICC of the 61-bp PCR amplicon. It becomes
obvious that the maximum signal-to-noise ratio was
reached at 10 mmol/l butyldimethylammonium bicar-
bonate. At 25 mmol/l butyldimethylammonium bicar-
bonate, the concentration commonly used for ICMS
analyses, the signal-to-noise ratio drops to about 50% of
the maximum. Interestingly, the signal-to-noise ratio
also deteriorates at concentrations of butyldimethylam-
monium bicarbonate lower than 10 mmol/l, presum-
ably due to a lower content of acetonitrile during
elution of the PCR product.
Finally, the desalting performance of ICEMS was
examined as a function of the concentration of ion-pair
reagent. Metal cations were efficiently removed in
15–50 mmol/l butyldimethylammonium bicarbonate
(Figure 5c). However, as soon as the concentration of
ion-pair reagent dropped below 15 mmol/l, metal cat-
ions were only inefficiently displaced by butyldimeth-
Table 1. Semi-quantitative genotyping of four different allelic c
peak intensities of the forward and reverse single strands of the
Genotype T/T/T/T
Allele T C
Theoretical frequency [%] 100 0
Average measured allele frequency [%] 100 0
Standard deviation [%] 0.0
Number of measurements 3
Absolute deviation from expected —ylammonium ions and considerable amounts of mono-,
di-, and tri- sodium and/or magnesium adducts were
present in the deconvoluted mass spectrum (see insets
in Figure 5c).
Semi-Quantitative Genotyping of SNPs
The optimization experiments outlined above have
clearly shown that chromatographic separation at tem-
peratures above 60 °C, concentrations of 20–30 mmol/l
butyldimethylammonium bicarbonate in the eluent,
and the addition of 10 mmol/l EDTA to the sample
strongly support the suppression of cation adduction in
ESI-MS of nucleic acids, which is essential for correct
genotyping both in diploid and polyploid genomes by
ICEMS. The strategy applied here for the semi-quanti-
tative determination of allele frequencies is based on the
chromatographic purification of PCR fragments con-
taining the polymorphic sites under denaturing condi-
tions and subsequent mass spectrometric detection of
the single-stranded species that are characteristic for the
different alleles. Since the allelic ratio in the genome
may be considered to be conserved during PCR, liquid
chromatography, and mass spectrometry, the relative
signal intensities in the deconvoluted mass spectrum
were utilized to deduce the relative allelic ratios.
While diploid organisms show only three possible
allelic ratios for a biallelic SNP (1:0, 1:1, 0:1), five ratios
are distinguishable in tetraploids (4:0, 3:1, 2:2, 1:3, and
0:4). For the determination of allelic ratios of SNPs in
the tetraploid potato genome, PCR products of SNP
44-174 containing a T  C polymorphism were ampli-
fied and analyzed by ICEMS. The series of multiply
charged ions were deconvoluted to yield the molecular
masses of the single strands for the identification of the
different alleles as well as their signal intensities for
their relative quantitation (Figure 6 and Table 1). The
molecular masses of the single strands corresponding to
the two alleles differed by 16 mass units, which facili-
tated their differentiation in homo- and heterozygous
samples using an ion trap mass spectrometer. Each
sample was analyzed in triplicate except the sample
showing a 1:1 ratio of the two alleles, which was run ten
times. The standard deviations of the allelic ratios were
between 1.6 and 4.7%.
In samples with 1:1 allelic ratio, the absolute differ-
ences between the measured and the theoretical allele
nations of the potato SNP 44–174 by measuring the relative
ossible alleles T and C in the deconvoluted mass spectrum
T/T/T/C T/T/C/C C/C/C/T
T C T C T C
75 25 50 50 25 75
72 28 52 48 34 66
4.7 3.0 1.6
3 10 3ombi
two p3 2 9
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with an unbalanced allele distribution, deviations of 3
and 9% from the theoretical allele frequencies were
measured. The major reason for the observed devia-
tions was limited mass resolution of the quadrupole ion
trap mass analyzer, which could not separate the two
oligonucleotide species to baseline. Due to this overlap
of signals, the intensity of the lower abundant species is
usually overestimated. This problem could be readily
alleviated by using mass analyzers that provide higher
resolution, such as linear ion trap-, time-of-flight-, or
ion cyclotron resonance mass spectrometers.
In a second example, we compared the results of
ICEMS analysis for the quantitative haplotyping of the
potato SNP 44-114 and SNP 44-118 with data obtained
by three other techniques, namely pyrosequencing,
single nucleotide primer extension, and conventional
dideoxy-sequencing. For the haplotyping by ICEMS,
SNP 44-114 and SNP 44-118 were coamplified in a
single PCR product. A comparison of the measured
molecular masses with the theoretical masses calculated
from the sequences of the possible haplotypes (T,A; T,C;
A,C; C,C) clearly revealed the haplotypes T,A and C,C
as the only combinations present (Table 2). Semi-quan-
titative genotyping was performed by measuring the
relative signal intensities of the forward strand of each
haplotype in the deconvoluted mass spectra. The peaks
were resolved nearly to baseline due to a molecular
Table 2. Measured and theoretical molecular masses Mr used
for the determination of the haplotypes of SNPs 44  114  118
by ICEMS
Measured
Mr [Da]
Theoretical
Mr [Da] Assignment Haplotypes
20652 20653 (C,C)for
20692 20692 (T,A)for
20966 20966 (C,C)for  dA
21004 21005 (T,A)for  dA C,C/T,A
21196 21195 (T,A)rev
21236 21236 (C,C)rev
21506 21508 (T,A)rev  dA
21549 21549 (C,C)rev  dA
Table 3. Genotyping of the three heterozygous combinations of
intensities of the forward strands of the two possible alleles T,A
Genotype T,A/T,A/T,
Allele T,A
Frequency [%] 73
Theoretical frequency [%] 75
Deviation [%] 2
Pyrosequencing [%] 71.1
Single nucleotide primer extension [%] 70.3
Sequencing [%] 75.5The allele frequencies are compared to the values obtained by pyroseque
sequencing. (Data were adapted from reference [4]).mass difference of 40 Da, which enabled a more accu-
rate determination of allele frequencies as compared to
the previous example (Table 3). The deviation of the
measured T,A frequency from the theoretical value was
in all cases lower than 6%. Moreover, the ICEMS results
correlated well with the results obtained by pyrose-
quencing, single nucleotide primer extension, and con-
ventional dideoxy-sequencing (Table 3).
Conclusions
Careful purification and control of experimental condi-
tions enables the exhaustive removal of adducted metal
cations from nucleic acid molecules. In order to enhance
desalting efficiency during chromatographic purifica-
tion of oligonucleotides, EDTA should be added to the
sample mixture to capture bivalent cations and separa-
tion should be performed at elevated temperature with
concentrations of ion pair reagent between 20 and 30
mmol/l. The efficient desalting of nucleic acids not only
effectuates better signal-to-noise ratios in the raw and
deconvoluted mass spectra, but also results in sharper
mass spectrometric signals, which enables a better res-
olution of different alleles of PCR-amplified DNA se-
quences. Extracting the signal intensities from deconvo-
luted mass spectra of PCR amplicons facilitates the
rapid, semi-quantitative determination of relative allele
ratios by ICEMS with an accuracy of better than 10%.
Nevertheless, there is a large potential for improving
quantitative accuracy further by using high-resolution
mass spectrometers. In contrast to most other estab-
lished methods for allele quantitation, PCR amplicons
can be rapidly analyzed within less than 15 min by
ICEMS without any other post-PCR sample treatment.
Moreover, rapid column regeneration and equilibration
protocols compatible with the monolithic separation
media hold the potential for a further increase in sample
throughput [31]. A major advantage of mass spectro-
metric investigation of polymorphisms rests within the
possibility to investigate, simultaneously, both individ-
ual single strands of the PCR products, which enhances
confidence of identification and quantitative accuracy.
otato SNPs 44  114  118 by measuring the relative peak
,C in the deconvoluted mass spectra
T,A/T,A/C,C/C,C T,A/C,C/C,C/C,C
,C T,A C,C T,A C,C
7 52 48 31 69
50 25
2 6
48.4 26.8
49.8 32.3
50.1 26.3the p
and C
A/C,C
C
2ncing, single nucleotide primer extension, and conventional dideoxy
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